This work presents the results of carbonation experiments performed on Basic Oxygen Furnace (BOF) steel slag samples employing gas mixtures containing 40 and 10% CO2 vol. simulating the gaseous effluents of gasification and combustion processes respectively, as well as 100% CO2 for comparison purposes. Two routes were tested, the slurry-phase (L/S = 5 l/kg, T = 100°C and Ptot = 10 bar) and the thin-film (L/S = 0.3-0.4 l kg, T = 50°C and Ptot = 7-10 bar) routes. For each one, the CO2 uptake achieved as a function of the reaction time was analyzed and on this basis, the energy requirements associated with each carbonation route and gas mixture composition were estimated considering to store the CO2 emissions of a medium size natural gas fired power plant (20 MW). For the slurry-phase route, maximum CO2 uptakes ranged from around 8% at 10% CO2, to 21.1% (BOF-a) and 29.2% (BOF-b) at 40% CO2 and 32.5% (BOF-a) and 40.3% (BOF-b) at 100% CO2. For the thin-film route, maximum uptakes of 13% (BOF-c) and 19.5% (BOF-d) at 40% CO2, and 17.8% (BOF-c) and 20.2% (BOF-d) at 100% were attained. The energy requirements of the two analyzed process routes appeared to depend chiefly on the CO2 uptake of the slag. For both process route, the minimum overall energy requirements were found for the tests with 40% CO2 flows (i.e., 1400 − 1600 MJ / t CO for the slurry-phase and 2 2220 0 -/ 255 MJ t CO for the thin-film route). 
This work presents the results of carbonation experiments performed on Basic Oxygen Furnace (BOF) steel slag samples employing gas mixtures containing 40 and 10% CO2 vol. simulating the gaseous effluents of gasification and combustion processes respectively, as well as 100% CO2 for comparison purposes. Two routes were tested, the slurry-phase (L/S = 5 l/kg, T = 100°C and Ptot = 10 bar) and the thin-film (L/S = 0.3-0.4 l kg, T = 50°C and Ptot = 7-10 bar) routes. For each one, the CO2 uptake achieved as a function of the reaction time was analyzed and on this basis, the energy requirements associated with each carbonation route and gas mixture composition were estimated considering to store the CO2 emissions of a medium size natural gas fired power plant (20 MW). For the slurry-phase route, maximum CO2 uptakes ranged from around 8% at 10% CO2, to 21.1% (BOF-a) and 29.2% (BOF-b) at 40% CO2 and 32.5% (BOF-a) and 40.3% (BOF-b) at 100% CO2. For the thin-film route, maximum uptakes of 13% (BOF-c) and 19.5% (BOF-d) at 40% CO2, and 17.8% (BOF-c) and 20.2% (BOF-d) at 100% were attained. The energy requirements of the two analyzed process routes appeared to depend chiefly on the CO2 uptake of the slag. For both process route, the minimum overall energy requirements were found for the tests with 40% CO2 flows (i.e., 1400 − 1600 MJ / t CO for the slurry-phase and 2 2220 0 -/ 255 MJ t CO for the thin-film route). Keywords: cO2 capture and storage, mineral carbonation, steel slags, energy requirements, fluegas inTrODUcTiOn Accelerated carbonation of alkaline earth metal silicate ores has been proposed as a method for ex situ carbon dioxide storage in the early 90s (Seifritz, 1990; Lackner et al., 1995) . Since then, many studies have extensively investigated at laboratory scale the applicability of this treatment to Ca and Mg bearing silicates, such as serpentine, olivine and wollastonite, in view of their high carbon sequestration potential and widespread availability (especially for the first two types of minerals). Different types of process routes, i.e., gas-solid or aqueous, each performed in direct or indirect mode, have been tested (see e.g., Sipilä et al., 2008; Baciocchi et al., 2014) . The most applied route is the direct aqueous one, by which the alkaline feedstock is mixed with water to obtain a Liquid to Solid (L/S) ratio above 2 l/kg, and the resulting slurry is contacted with pressurized CO2 so that Ca or Mg dissolution and carbonate precipitation take place in the same reactor. It should be noted that the operating conditions that have proven effective to promote the carbonation kinetics of the tested minerals, and hence obtain high reaction yields in technically feasible operating times (<2 h), are energy intensive; for example, direct carbonation of minerals is found to be effective at a temperature of 100−200°C and pressures of 10−100 bar (O'Connor et al., 2005; Sipilä et al., 2008) . In addition, regardless of the reaction route employed, to achieve a significant CO2 uptake in short timeframes, the surface of the minerals needs to be activated by physical pretreatments, including size reduction, magnetic separation, and even thermal or steam treatment to eliminate chemically bound water for minerals like serpentine . Hence, the energy intensive operating conditions typically required for accelerated mineral carbonation still hinder the industrial application of this technology .
In parallel to the investigations carried out on minerals, the reactivity with CO2 of alkaline industrial residues characterized by high calcium or magnesium (hydr)oxide or silicate contents has also been extensively examined, as reported in several reviews (Costa et al., 2007; Bobicki et al., 2012; Pan et al., 2012; Baciocchi et al., 2014) . Although significantly less abundant in comparison to minerals, these materials have proven to be more reactive at mild operating conditions (Huijgen et al., 2006a) . Furthermore, carbonation has shown to affect some of the properties of the tested materials (i.e., main mineralogy, porosity, and mobility of specific elements) improving their long-term technical performance and/or environmental behavior (Bobicki et al., 2012; Pan et al., 2012) . Thus, the application of this treatment to alkaline industrial residues may be indeed considered as a CO2 storage and utilization option, since accelerated carbonation may be also employed as a valorization technique for widening the reuse options of these materials and also to achieve other environmental benefits . Steel manufacturing plants are the typical examples of industrial sites in which relevant flows of both CO2 and alkaline industrial residues are generated and therefore represent one of the potentially most interesting contexts for the application of accelerated carbonation. Several studies have shown that a number of different types of steel slag present a significant reactivity with CO2, allowing to achieve, for specific process routes and operating conditions, relevant CO2 uptakes (Huijgen et al., 2005; Baciocchi et al., 2010 Baciocchi et al., , 2015 Uibu et al., 2011; Chang et al., 2012; Santos et al., 2013a,b) . Furthermore, several types of residues generated in steel manufacturing plants, such as Basic Oxygen Furnace (BOF), Electric Arc Furnace (EAF), and argon oxygen decarburization (AOD) slag, are typically not valorized and generally landfilled, or employed only for low-end applications, owing for their significant content of free calcium and magnesium (hydr)oxides that may result in poor volumetric stability and hence in a low technical performance in construction applications (Morone et al., 2014) . Therefore, accelerated carbonation of these types of materials may also represent a treatment strategy to improve their properties in view of valorization.
Despite all the potential assets mentioned above, industrialscale applications of accelerated carbonation of residues such as steel slag are also currently still missing owing to uncertainties on the feasibility of this process, especially as far as material and energy requirements are concerned. Specifically, with regard to the latter, significant CO2 uptakes in reasonable timeframes were achieved via the slurry-phase route using residues with a fine particle size (typically below 100 μm), obtained either by milling or simple sieving of the material, and operating the carbonation reactor at enhanced temperature and CO2 pressure (Huijgen et al., 2005; Chang et al., 2012; Santos et al., 2013a,b; Baciocchi et al., 2015) . It should be noted, however, that in a recent study, milder operating conditions were shown to be effective employing a proper lixiviant (ammonium chloride) to enhance calcium dissolution (Mattila et al., 2014) . Besides, promising results in terms of CO2 uptake (even if lower than those attained through the former route) have been achieved also via the thin-film (or wet) route (Baciocchi et al., 2011 (Baciocchi et al., , 2015 Santos et al., 2013b; Morone et al., 2014) , which is operated at lower temperature and CO2 pressure and also presents the advantage of not generating a liquid by-product that necessitates suitable management and treatment.
In the last years, several studies have assessed the energy requirements associated to direct carbonation of minerals and industrial residues adopting the slurry-phase route (e.g., Huijgen et al., 2006b; Kelly et al., 2011; Kirchofer et al., 2012) , while to our knowledge this evaluation for the thin-film route was performed only by Zingaretti et al., 2014 . In the latter study, based on the results of lab-scale tests carried out on different types of industrial residues using pure CO2, a comparison of the energy requirements associated with both reaction routes was performed. The authors estimated that the energy requirement for CO2 storage only was around 1300-2750 MJ / tCO2 for the slurry-phase process and between 55 and 26 MJ t CO 0 0 0 2 / for the thin-film one depending on the type of residues and operating conditions applied . Besides, the feasibility of the thin-film carbonation route was somehow linked to the possibility of using diluted CO2 sources, thus lumping capture and storage in a single step.
This work is aimed at further assessing the feasibility of performing accelerated carbonation using diluted CO2 sources, extending the evaluation also to the slurry-phase route. To this aim, batch carbonation tests via both the slurry-phase and thinfilm routes were performed on different types of BOF steel slags, using diluted CO2 sources (i.e., containing 40 and 10% vol. CO2) and a 100% CO2 source as a reference case. Then, based on the CO2 uptakes achieved in these experiments, the energy requirements for storing the CO2 emissions of a medium size natural gas fired power plant (20 MW) were assessed and discussed in terms of the type of BOF slag treated, the carbonation reaction time (from 0.5 to 24 h), and the gas composition considered (10, 40, or 100% vol.) .
MaTerials anD MeThODs
The slag samples tested in this work were collected from a steel plant employing the integrated steelmaking process both directly at the outlet of the BOF unit (BOF-a and BOF-c) after grinding (to d < 1 mm) and at the storage site after grinding (to d < 1 mm) for metals recovery (BOF-b and BOF-d). The slag samples were then oven-dried at 60°C and ball-milled to a final particle size of <150 μm in the case of samples a and b used for the slurryphase route tests, or only sieved to a particle size below 125 μm, in the case of samples c and d employed in the thin-film tests. The slight differences in the preparation and final particle size of the samples tested in the two types of carbonations tests was due to the fact that the two routes were investigated in two distinct laboratories, equipped with different milling and sieving devices. Anyhow, this difference is not expected to significantly affect the obtained results, since the composition and mineralogy as well as CO2 reactivity of the same type of slag milled <150 μm or sieved <125 μm showed to be quite similar (as indicated by the results of thin-film route experiments performed on BOF samples milled at 150 μm, Baciocchi et al., 2015) . The elemental composition of the four BOF slag samples is reported in Table 1 . With regard to the main elements of interest for the carbonation process, the following concentration ranges were detected for the investigated materials: Ca 21.3 − 28.9% dry wt., Mg 3.3 − 6.9%, Fe 13.9 − 19.6%, Mn 2.4 − 3.8%. Such elements were present at comparable levels in the four slag samples investigated, although BOF-c and BOF-d exhibited slightly higher Ca and Mg concentrations and somewhat lower Fe contents. Based on the evidence provided by XRD analysis and other chemical characterization methods, we estimated the amounts of the main mineralogical phases of each sample (see Table 2 ). Making reference to Ca and Mg-bearing phases, the samples collected directly at the outlet of the BOF unit (a and c) were characterized by a higher content of silicates, as larnite (Ca2SiO4) and hatrurite (Ca3SiO5) and oxides (MgO), while those collected from the storage site (b and d) presented basically only larnite as a Ca-silicate phase and a higher content of hydroxide phases, i.e., portlandite [Ca(OH)2] and brucite [Mg(OH)2], besides more calcite (CaCO3), an indication of natural weathering.
Slurry-phase accelerated carbonation tests were performed on BOF-a and BOF-b slag samples in a pressurized stainless steel reactor equipped with an external magnetic stirring device and a heating jacket. Based on the results of previous investigations (Baciocchi et al., 2011 (Baciocchi et al., , 2015 , a liquid to solid ratio (L/S) of 5 l/kg, operating temperature of 100°C and total pressure of 10 bar were selected. The thin-film route carbonation tests were carried out on BOF slag samples c and d in a pressurized stainless steel reactor placed in a water bath for temperature control. The operating conditions selected for this route based on previous investigations (Baciocchi et al., 2011 (Baciocchi et al., , 2015 Morone et al., 2014) were a L/S of 0.3 l/kg, a temperature of 50°C, and a total pressure of 7-10 bar. For both types of routes, different reaction times (ranging from 0.5 to 24 h) and CO2 concentrations in the gas flow were tested. In particular, the slurry-phase tests were performed with 100, 40, or 10% vol. CO2 flows to simulate not only a pure CO2 flow deriving from a preliminary capture step but also diluted CO2 flows from gasification or combustion processes. In the thin-film route only 100 and 40% vol. CO2 flows were employed, since previous results obtained for steel slag adopting this configuration indicated that the CO2 uptakes achievable using a gas composition similar to fluegas were significantly lower than those attained with higher CO2 concentrations of the treated gas flow . At the end of the slurry-phase carbonation tests, the reactor was immediately degassed and then rapidly cooled down to ambient temperature through immersion in a water bath. Then liquid/solid separation was subsequently accomplished through centrifuging at 4000 rpm followed by 0.45 μm filtration. The solid samples obtained from both types of routes were oven-dried at 105°C and analyzed to determine their carbonate content through inorganic carbon (IC) measurement employing a Shimadzu TOC analyzer equipped with a solids module. The CO2 uptake, defined as the ratio between the mass (in grams) of CO2 sequestered and the mass (in grams) of as-received dry material and expressed as a percentage, was calculated through Eq. 1 (see Supplementary Material) from the IC contents of the carbonated (CO2final) and untreated (CO2initial) samples reported as CO2 weight percent contents. The IC contents of the untreated slag samples were: 0.11% (BOF-a), 1.01% (BOF-b), 0.48% (BOF-c), and 0.71% (BOF-d). 
The evaluation of the energy requirements for the carbonation process was carried out adopting the approach developed in our previous work . Based on the mass flow rate of CO2 to store, i.e., 1 kg/s, which corresponds to the typical emission value of a 20 MW natural gas fired power plant, the amount of residues required in the process for each carbonation condition was determined. Hence, the energy requirements associated to each route were calculated summing those necessary for all the unit operations foreseen for each configuration (expressed as MJ/tCO2 stored), on the basis of the experimental data obtained for the type of investigated BOF slag (i.e., chemical composition, mineralogy, and CO2 uptake). Figure 1 reports the process layout adopted for the slurry-phase and thin-film configurations. The process layout considered for the slurry-phase route is similar to the ones proposed by O'Connor et al. (2005) and Huijgen et al. (2006b) . Namely, as can be seen in Figure 1A , in this route, the BOF slags are firstly ground to the desired particle size (unit A) and then mixed with water at a specific liquid to solid ratio (unit B). Then, the slurry is pumped (unit C) to a heat exchanger (unit D) where it is heated to 30°C below the reaction temperature. Before entering the carbonation reactor (unit F), the slurry is heated by a further heater (unit E) where it reaches the desired temperature. In the carbonation reactor, the slurry is contacted with carbon dioxide, already pressurized in a multi-stage compressor (unit G) to the desired pressure, and the carbonation reaction takes place. The slurry leaving the reactor passes through unit D to heat recovery and finally is separated (unit H) producing a solid product and a liquid stream. In the thin-film route (see Figure 1B) , the BOF slags are fed to the carbonation reactor (unit K) after being ground to the specific particle size in unit A. In unit K, the material is humidified to the desired L/S ratio, heated, and contacted with CO2 already pressurized in a multi-stage compressor (unit G) to the desired pressure. The carbonation reactor in this route is envisioned as a rotary drum and the associated energy requirements are due to the material heating and the rotation of the drum. Table 3 reports the equations used to estimate the energy requirements associated to each unit operation considered in the two carbonation routes. It should be noted that, for unit D in the slurry-phase route, the overall energy requirement associated with the heating of the slurry was estimated considering the energy required to achieve the final carbonation temperature, the energy recovered in the heat exchanger by cooling the outlet stream from the carbonation reactor, the heat of reaction of the carbonation process, and the heat loss from the carbonation reactor. In the thin-film route, instead, reaction heat recovery was not taken into account since it was considered to be unpractical due to the fact that in this case there is no liquid solution. For both process routes, when a concentrated CO2 flow was assumed to be used (i.e. 100% CO2), the energy demand associated to the preliminary capture step was also accounted for, and overall quantified as 4000 kJ/ kg CO2 captured [Intergovernmental Panel on Climate Change (IPCC), 2005].
resUlTs anD DiscUssiOn carbonation Performance
The CO2 sequestration yield attained from the experiments as a function of the reaction time for the two process routes and the four slag samples investigated is reported in Figure 2 . Since the aim of the present paper is to provide an assessment of the energetic profile of CO2 sequestration through mineral carbonation of steel manufacturing residues applying both the slurry-phase and the thin-film route, the energy demand of the various process units as affected by the operating conditions and the intrinsic reactivity of the material toward CO2 was estimated. Thus, CO2 uptake yields are provided in the following paragraphs and discussed in light of their expected influence on the whole energetic profile of the mineral carbonation process. For an in-depth discussion of the physical phenomena, chemical reactions and mineralogical changes occurring during the process, the reader is referred to previous publications (Baciocchi et al., 2009 (Baciocchi et al., , 2010 (Baciocchi et al., , 2011 (Baciocchi et al., , 2015 . A review of the carbonation performance of steel slag materials from different literature studies and of its dependence on the slag characteristics and process conditions can also be found in Baciocchi et al. (2015) .
The CO2 uptakes measured after 24 h carbonation applying the slurry-phase route were: ≈8% at 10% CO2 for both types of slag, 21.1% (BOF-a) and 29.2% (BOF-b) at 40% CO2, and 32.5% (BOF-a) and 40.3% (BOF-b) at 100% CO2; the corresponding values resulting for the thin-film route were: 12.9% (BOF-c) and 19.5% (BOF-d) at 40% CO2, and 17.8% (BOF-c) 
, flowrate of carbon dioxide to be stored (t/s); QRES, volumetric flowrate of the residues (m 3 /s); QWATER, volumetric flowrate of water (m 3 /s); Wi, standard Bond's work index (kJ/tRES); d1, theoretical sieve size through which 80 wt.% of the residues pass (m); d0, original particle size of the residues (m); V, total volume of water and residues to be mixed (m 3 ); μSLURRY, dynamic viscosity of the slurry (Pa s); G, average velocity gradient (s −1 ); ΔH, total dynamic head (m); ρSLURRY, slurry density (t/m 3 ); g, gravitational acceleration (m/s 2 ); Cp,RES(T), specific heat capacity of the residues (kJ/t K); Cp,W, specific heat capacity of the water (kJ/t K); TCARB, carbonation reaction temperature (K); T1, slurry temperature reached in the heat exchanger (K); T0, temperature of inlet residues and water flows (K); TOUT, temperature of outlet residues and water flows (K); Zs, average CO2 compressibility for each stage (−); R, gas constant (kJ/kmol K); Tin, CO2 temperature at the compressor inlet (K); M CO 2 ( ) , molecular weight of CO2 (t/kmol); ηis, isentropic efficiency of the compressor(−); ks, average ratio of the specific heats of CO2 for each individual stage (−); CR, compression ratio of each stage (−); τ, resistive torque due to kinetic friction (kJ); ω, angular velocity of the drum (rad/s).
January 2016 Table 2 ). It is interesting to note that, particularly for the thin-film carbonation route and for short reaction times for the slurry-phase process, the use of a 40% CO2 flow instead of a pure one did not appear to significantly affect the CO2 uptake of the slag (especially BOF-b and BOF-d). Instead, for a 10% CO2 flow the uptake resulted below 10% and appeared not to be appreciably affected by the reaction time.
Although the direct comparison of the two process routes should be made with care owing to the slight differences in composition of the slag samples investigated (see Tables 1 and 2) , the observed trends certainly highlight the higher carbonation yields of the slurry-phase process as opposed to the thin-film route, confirming the findings of our previous study (Baciocchi et al., 2015) . Compared to the thin-film process, the slurry-phase conditions are believed to promote the dissolution of reactive metals from the solid phase (assuming that the dissolution/precipitation reactions approach thermodynamic equilibrium conditions during the process), as well as to prevent the coating effect exerted by the precipitated carbonate product onto the unreacted core of the slag particles (Santos et al., 2013a) .
energy requirements assessment
The specific energy requirements of each unit operation for the slurry-phase route are reported in Figure 3 making reference to the experimental results achieved for the BOF-a and BOF-b slags. It may be noted that the various process units contributed in quite different extents to the overall energy demand. For improved clarity, the relative contributions of the process units to the total energy consumption are reported in Figure 4 .
Several interesting features may be derived from the inspection of Figures 3 and 4 . Specifically, the carbonation yield attained obviously turned out to play a relevant role on the energy requirements per unit mass of CO2 sequestered. For a CO2 concentration in the gaseous phase of 10% (simulating the typical content of combustion flue gases) the notably lower CO2 sequestration performances achieved implied the use of larger amounts of slag and water for storing the target amount of CO2 and therefore higher associated energy demands for almost all process units, in particular slurry heating and mixing. Comparing the energy requirements of the slurry-phase process using a combustion effluent or a concentrated CO2 flow (CO2 concentration = 100%), it is found that in the latter case the higher energy consumption associated to the preliminary capture stage is counterbalanced by the notably lower consumption of the other process operations. As a consequence, for very diluted gaseous flows a carbonation process including a pre-treatment stage aimed at concentrating CO2 in the gaseous phase is deemed economically more viable compared to the option without CO2 capture. On the other hand, for intermediate CO2 concentrations in the gas phase (CO2 = 40% vol., representing the typical CO2 level in the gaseous effluent from gasification processes), the significant CO2 uptake potential displayed by the slag, with sequestration yields comparable to those achieved using the concentrated stream, made the carbonation process energetically more competitive since in this case the duties related to the capture step were not considered. The relative contribution of the individual unit operations to the total energy consumption was also found to vary with the specific process condition adopted. In particular, at a CO2 concentration of 10% the most energy-demanding stage was the heating phase, with energy consumptions for BOF-a ranging from 59 to 581 MJ t CO 00 00 2 / for 2-h and 0.5-h carbonation (corresponding to 69 and 86% of the total energy demand) and for BOF-b ranging from 39 to 97 MJ t CO 00 00 2 / for 4-h and 24-h carbonation (61 and 57% of the total energy demand). For long carbonation durations (24 h), the relative incidence of the energy consumption associated to slurry mixing inside the reactor became appreciable, with a contribution of ~/ 52 MJ t CO 00 2 for both slag samples (~30% of total consumption). On the other hand, for BOF-a and a short carbonation time (0.5 h), for which the CO2 uptake was of only 1.3%, the high amount of solid material to be used in the process implied a significant energy consumption (~/ 6300 2 MJ t CO ; 12% of total consumption) for slag milling.
Compared to the results described above, the addition of a preliminary capture stage to the carbonation process layout (i.e., the use of a 100% CO2 gas flow) resulted in a significant decrease in the energy requirement of all process stages (with the exception of the compression unit), and particularly of the heating stage, which was of several orders of magnitude lower than that observed when working with a gas flow containing 10% CO2. The overall energy requirement was reduced by 1.2-2.8 times for BOF-b and 1.6-12.2 times for BOF-a compared to the use of a 10%-CO2 effluent. In absolute terms, the calculated ranges for the total energy consumption were 54 65 and 53 62 MJ t CO 00 00 00 00 2 − − / for BOF-a and BOF-b, respectively, with the highest values being in both cases associated to a carbonation time of 24 h. Using the concentrated gaseous effluent, the most relevant contribution to the overall energy demand was provided by the CO2 capture stage, which accounted for 62-74% and 65-75% of the total requirements for BOF-a and BOF-b; the gas compression stage had also an appreciable energy duty (~/ 830 2 MJ t CO ), contributing by 12-15% and 13-16% of the overall demand for the two slag samples. The other terms were notably less relevant, except for the contribution of slurry mixing in the carbonation reactor for the longest residence time (24 h), which was of ~~/ 13 and 11 MJ t CO 00 00 2 for BOF-a and BOF-b, corresponding to 20 and 17% of the total duty. When employing a 40% CO2 concentration in the gas phase, the total energy requirement of the process was found to be considerably lower than that estimated for the two cases discussed above. As mentioned earlier, the improved energetic performance of the process using a 40% CO2 effluent was due to the fact that, while the reactivity of the slag upon carbonation was comparable to that achieved with pure CO2, the absence of the capture stage in the process layout allowed to save a significant share of energy. In this case, the overall energy requirements of the CO2 sequestration process for the BOF-a and BOF-b slags lay within the ranges 16 42 and 14 27 MJ t CO 00 00 00 00 2 − − / . Relevant contributions to the energy penalties of the process were provided by the gas compression and size reduction units, while the duty of slurry mixing was only relevant for prolonged contact times; for the BOF-a slag the energy requirement of the heating operation was also appreciable for 0.5-h and 24-h carbonation. In absolute terms, the BOF-a slag had the following associated main energy requirements: ~ 2 − / for slurry mixing, while heating theoretically required no net energy input thanks to the heat recovered from the exhaust slurry recycled to the first heater (see Figure 1) .
The specific energy requirements of each unit operation for the thin-film route are reported in Figure 5 making reference to the experimental results achieved for the BOF-c and BOF-d slags. The relative contributions of the process units to the total energy consumption are reported in Figure 6 . As can be observed, for the case in which carbonation was assumed to be applied on a CO2 pure stream obtained after capture, the total energy requirement as well as the contributions of the different unit operations for the two BOF slag samples analyzed appeared to be very similar.
In particular, for BOF-c slag the overall energy requirements ranged from ~/ 6 (at 48h) to 761 MJ t CO 000 0 2 (at 0.5 h), while for sample BOF-d they varied from 6 36 (at 24h) to 659 MJ t CO 0 0 2 / (at 0.5 h). It should be noted that in this case, differently from the slurry-phase route, due to the increase in the CO2 uptake of the slag for longer reaction times, the energy requirements showed to decrease progressively. This may be related to the fact that in this case the heating requirements resulted significantly lower compared to the slurry-phase route even though heat recovery was not taken into account for the thin-film route . However, it should be acknowledged with reference to both the slurry-phase and thin-film route that for an industrial-scale application of carbonation as a CCS technique, the adoption of long reaction times (i.e., above 1-2 h) would be unfeasible. As shown in Figure 6 , the main contributions to the energy requirements were: CO2 capture (~50-70%), milling and heating of the residues (~10-20%) and CO2 compression (~13%).
As for the tests carried out with 40% CO2 gas flows, similarly to what reported for the slurry-phase route, owing to the fact that capture was not assumed to be applied in this case, a notable reduction in the total energy requirements was achieved. In particular, the overall requirement ranged from 255 to 592 MJ t CO 0 0 2 / for sample BOF-c and from 222 to 285 MJ t CO 0 0 2 / for BOF-d, increasing also in this case progressively with reaction time. The higher requirements resulting for the first type of slag especially for short durations may be related to the lower CO2 uptakes obtained which in turn may be ascribed to the differences in the mineralogy of the two slags (type c being mainly made up by silicate phases presenting a slower reaction kinetics compared to hydroxides). It should, however, be noted that for this type of slag the tests with 40% CO2 were carried out applying a total pressure of 7 bar. As for the contributions of the single unit processes, the most relevant for BOF-c appeared to be milling (40-50%), followed by heating (25-35%) and CO2 compression (15-30%), whereas for BOF-d the three above mentioned processes appeared to exert a similar weight (30-40%) on the total energy demand. In order to derive some considerations of wider applicability concerning the dependence of the total energy requirement of slurry-phase and thin-film carbonation from the CO2 uptake of the treated residues, the total energy requirements (excluding CO2 capture) obtained for the four types of tested slags, the two routes and different gas compositions and reaction times tested were all reported together in the same graph as a function of the CO2 uptake (see Figure 7) . The trend of the data points showed to be adequately described by the following theoretical correlation function (see Eq. 2) that for a null CO2 uptake tends to infinity and remains quite constant for CO2 uptakes close to the maximum achievable ones that depend on the chemical and mineralogical composition of the material:
with a = 1524 2 MJ t CO . / . This trend highlights the key role of the CO2 uptake in determining the overall energy requirements related to the carbonation process in particular for low reaction yields (<10% wt.). It is interesting to note that for the BOF slag samples analyzed in this study, regardless of the type of process route applied and operating conditions selected, an estimation of the total energy requirement of the process can be directly made on the basis of the CO2 uptake of the residues.
cOnclUsiOn
In this study, the possibility of directly storing the CO2 contained in diluted gas flows so to skip the energy intensive capture step was assessed by accelerated carbonation of BOF steelmaking slags both via slurry-phase and thin-film route batch scale experiments. For the slurry-phase route, maximum CO2 uptakes ranged from around 8% at 10% CO2 to 21.1% (BOF-a) and 29.2% (BOF-b) at 40% CO2 and 32.5% (BOF-a) and 40.3% (BOF-b) at 100% CO2. For the thin-film route, maximum uptakes of 13% (BOF-c) and 19.5% (BOF-d) at 40% CO2, and 17.8% (BOF-c) and 20.2% (BOF-d) at 100% were attained. The slurry-phase route hence showed to yield significantly higher uptakes than the thinfilm route. However, it should be noted that this second process operates at lower temperature and makes use of significantly less water than the former one. Hence, the overall performance of these two routes was assessed also in terms of their total energy requirements on the basis of the energy demand of each their unit operations. The results of this evaluation indicated that working with a 40%-CO2 effluent turned out to be the most energy efficient carbonation strategy for BOF steelmaking slag, at least under the experimental conditions tested, applying either the slurry-phase or the thin-film route. For the slurry-phase process the most suitable conditions in terms of specific energy requirements were found for both slag samples tested at a carbonation time of 2 h, and implied a total energy duty of 161 and 138 MJ t CO 0 0 2 / for BOF-a and BOF-b slag samples, respectively. For the thinfilm route, the lowest energy requirements were obtained for the highest reaction times tested (2550 and 2200 MJ / t CO 2 after 24 h for BOF-c and BOF-d slag samples, respectively), although especially for BOF-d slags these values were not far from the ones estimated even for lower reaction times. In this respect it should be considered that for an industrial-scale application of carbonation, regardless of the type of process route selected, the reaction time should be limited to 1-2 h. Another interesting finding of this work was that the total energy requirement for both types of routes regardless of the specific properties of the residues and the operating conditions tested showed to be directly related to the CO2 uptake of the slag. Hence, in conclusion the results of this study suggest that accelerated carbonation of BOF steel slag may be applied as a process to directly store the CO2 content of diluted gas flows such as syngas or biogas. The most promising reaction route (from an energy requirement perspective) appeared to be the slurry-phase one. However, an overall assessment of the carbonation process should also take into account that the higher CO2 sequestration performance attained by the slurry-phase route may be counterbalanced by an increased process complexity and the production of a final liquid effluent that needs further treatment prior to discharge. For this reason, prior to the selection of a specific reaction route, additional evaluations that take into consideration the potential environmental impacts of the process through a life cycle approach, as well as technical and economic aspects, are required.
